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Abstract

The Near Backscatter Imager (NBI) participates in nearly every kind of experiment conducted at NIF and measures
backscatter, the result of the interaction between incident laser light and plasma waves at a target. Large Spectralon
plates, on the order of a hundreds of mm per side, are used as Lambertian scatter components for the NBI diagnostics.
The plates were deployed in 2009 and replaced in April of 2014. All NBI assemblies suffered reflectivity degradation,
and some of these changes were spatially localized defects observed after irradiation to a cumulative combined neutron
and [] dose of 0.038 Gy. The growth of a defect was correlated to the combined cumulative neutron and [ radiation dose
from NIF fusion shots.

Spectralon plates that were irradiated to cumulative combined neutron and [] dose of 0.74 Gy were characterized for
materials and mechanical changes with the following techniques: RBS, FTIR, XPS, SEM, EDX and tensile tests. These
tests indicate that the bulk Spectralon did not measurably degrade but there are discolorations that affect the reflectivity.
Surface analysis indicates that the surface CF, species re-forms to make various organic and CFy species.
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1. INTRODUCTION

The LLNL Target Diagnostics community has to ensure the survivability and operability of materials used in the harsh
radiation and energetic particle environment of the NIF target chamber'. On one of these diagnostics, the Near
Backscatter Imager (NBI), the irradiated sub-assemblies were extracted from the NIF target chamber during a planned
upgrade. The material quality of the Spectralon exposed in such an environment was characterized. Developed in the
mid-2000s, the NBI diagnostic is run during nearly every kind of experiment conducted at NIF and measures
backscattezr,3 the result of the interaction between incident laser light and plasma waves at a target suspended within a
holhraum .

Plasmas are composed on free ions and free electrons. Both the ions and electrons can have high amplitude waves. When
the laser interacts with ion waves, the resultant scattered light is called Stimulated Brilluoin Backscattering (SBS). The
SBS backscattered light is close to the incident light wavelength and returns back into the laser beam lines, where, if not
controlled, it can reach powers and energies sufficient to damage optics in the NIF laser system.

Electrons produce high frequency waves in the plasma. Light scatter from the electron plasma waves is called Stimulated
Raman Backscattering (SRS), a type of laser-plasma instability. In SRS, electron density fluctuations in the plasma cause
the incident laser light to scatter resonantly. High levels of backscatter reduce the coupling of laser energy to the fusion
target and constrain implosion symmetry and other design parameters.

NBI provides an accurate total SBS and SRS backscattered energy measurements on the NIF. The diagnostic does this
by measuring the light backscattered outside the NIF beam lines onto Spectralon scatter plate assemblies surrounding
specific beam quads. Precisely calibrated images of the backscattered light on the scatter plates are used to determine the
time-integrated spatial distribution and total energy of SBS and SRS independently.
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The NBI scatter plates installed in 2009 and have degraded over time, especially as the fusion neutron and [ yields have
increased. The NBI scatter plate assemblies were taken apart, and the Spectralon tested for material changes. The
elemental composition and bonding were examined by FTIR, XPS and RBS; the surface morphology by SEM; and
mechanical strength from tensile test specimens.

2. NBI Assembly Hardware
2.1 NBI Assembly Materials

An NBI scatter plate assembly nominally consists of six flat, rectilinear sub-assemblies with the Spectralon sandwiched
between an Al base and 3.3 mm thick borosilicate glass cover. The glass protects the Spectralon from target debris and
slightly attenuates the UV light. Spectralon is a high-purity polytetrafluoroethylene (PTFE) polymer that reflects
wavelengths of light from UV to IR wavelengths in a near-Lambertian fashion.* Plates of the material is pressed and
sintered at 360C and then baked at 90C in a vacuum of 100 mTorr for 2 to 3 days by the supplier.” The sub-assemblies
are installed inside the NIF target chamber, as shown in Figure 1.

MBI 031

Figure 1 The backscatter system consists of (1) Instrument for viewing the NBI diagnostic at laser beam quads
Q31 and Q36, and a (2) pulsed laser calibration instrument.

There are two NBI assemblies mounted on the inside wall of the NIF target chamber. Figures 2 are a top view sketch and
photograph of an NBI assembly from the viewing camera. Each assembly is arranged around the apertures where a quad
of NIF laser beams enters the target chamber. NBI Q31 is located at the beam quad 31B, near the south pole of the target
chamber. NBI Q36 is located at the beam quad Q36B, slightly below the equator of the target chamber. NBI Q31 and
NBI Q36 measure the backscatter contributions from beam entering the holhraum at cones angles of 30° and 50°,
respectively.

The picture in Figure 2b of NBI Q31 shows little visual evidence of shot-induced degradation. NBI Q31B had been in
service for about 4 years and experienced a cumulative neutron and gamma radiation dose of 0.0384 Gy. It was not until
the cumulative dose reach about 0.0826 Gy that reflectivity degradation was observed in various parts of the assembly.
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Figure 2a Top view sketch of an NBI Scatter plate Figure 2b Image taken on June, 2011, of the NBI assembly on

assembly. There are 6 plates arranged around a quad of Beam Quad 31. Note the lack of defects although the assemblies
beams. These plates and the center cross are composed have been irradiated with a cumulative dose 0of 0.0384 Gy,

of Spectralon sandwiched between an Al base and cover about 4 years of service in the target chamber.

glass. For scale, the length and width of the cross are 611

X 614 mm.

2.2 Reflectivity Degradation

The close-up photographs of two NBI assemblies are shown in Figures 3. The NBI Q36 assembly, near the equator of
the target chamber, was almost completely darkened by the time this study was initiated. Upon removal from the target
chamber and disassembly, the top surface (facing the target) of the cover glass was metallized and pitted with target
debris, but the underlying Spectralon was pristine in appearance (See Figure 4.)

The situation is reversed on the NBI Q31 assembly, located near the south pole of the target chamber. During the time
frame when the localized reflectivity changes were tracked, the camera imaging system did not have sufficient resolution
to determine if the defects were forming

1. ontop of the cover glass from target debris and deposition

2. onor in the Spectralon, or

3. at the interface between the two layers, where possibly target debris penetrated the glass and was diffusing

within the interface.

Upon removal from the target chamber and disassembly, the top surface of the cover glass was clean except for pitting
from target debris. The bottom of the cover glass was smooth and there was no visual evidence of pits extending to the
backside of the glass. The underlying Spectralon was the source of the reflectivity changes. The localized reflectivity
changes appear as discolored, charred Spectralon.



Figure 3a NBI Q31 assembly prior to removal on April, 2014. NBI  Figure 3b NBI Q36 assembly prior to removal on
Q31 is located near the south pole of the target chamber. Note the ~ April, 2014. NBI Q36 is located near the equatorial
spatially localized reflectivity degradation of the Spectralon sub- level of the target chamber. Note the metallization of
assemblies. the cover glass.

Figure 4 Typical Spectralon and cover glass from a NBI Q36 sub-assembly. The Spectralon is pristine in appearance.
The cover glass is metallized.

In Figures 5, the lower left NBI Q31 sub-assembly shows defect clusters and different regions of reflectance. A line was
drawn across defect clusters that grew in a measurable manner. One of the defects is labeled as Defect #1. There are
some defects that appeared to grow as rapidly but they eventually merged with other defects within the cluster.



Cluster Cluster

Defect#1

Figure 5a NBI Q31B defects with rapid growt_ﬂ are noted Figure 5b NBI Q31B defects merged together in the
along the line drawn by software. Image taken April 2012. area labeled Cluster. Image taken November 2012.

3. Defect Analysis
3.1 Defect Growth Rate

The growth rate of Defect#1 was determined from 4 images taken on Jan, April, July and November of 2012. A 1Mp
scientific camera® captured the images using the illumination from the NIF chamber camera view imaging system. The
Imagel software’ was used to measure the intensity across the defect from which the diameter was measured at FWHM.
The pixel-to-length conversion was calculated from the nearest aperture edge of the quad opening. The normalized
intensity profiles from Defect #1 are shown in Figure 6 for the given dates. The growth rate was calculated to be 0.212
mm/day.
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Figure 6 Defect #1 line-outs of its normalized intensities

The exposure of the NBI assemblies to energetic particles and photons that could create defects depends more on the
shot rate than a time-duration. One of the NIF metrics application archives the actual neutron and a yields for every
Deuterium-Tritium D-T and D-D fusion reaction on a per shot basis. The a yields are not considered any further since
these particles are stopped by the cover glass from reaching the Spectralon. From the neutron yield database and the



physics model of the radiation doses around the NIF target chamber for a 20 M1J target shot, one can determine the dose
of 14.1 MeV neutrons and energetic [] radiation for any given shot at the NBI assembly position,

NIz =Nl * [Nz / Ny], (1)

where N[ is the neutron dose plus gamma dose in Gy units, N is the neutron yield, the subscript 20 is 20 MJ of energy
from the target, the subscript Z designates the shot of interest.® The growth of the defects, at FWHM, was plotted against
the cumulative N[ dose, ZN[J, that the NBI assemblies had received at the dates the images were collected. The defect
growth rate is 900 mm/Gy with a high correlation a linear fit. The purpose of this analysis was to estimate the remaining
service life of the current and future NBI assemblies.

_ 100 -
£ B y =900.45x-69.033 o
E 80 R?=0.9717
=
F 60+
z 40 + %
b :
2 20 +
g B
O 4y
0.00 0.05 0.10 0.15 0.20
INY [Gy]
Figure 7 Defect growth as a function of cumulative neutron and gamma radiation dosage, XN . Growth rate is

900 mm/Gy.
3.2 Materials Characterization of Spectralon and Discussion

Spectralon plates extracted from the NIF target chamber in April of 2014 had been irradiated with a EN[] = 0.74 Gy. The
lower two Spectralon plates from NBI Q31 were selected for multiple materials analysis. The Spectralon plates were
decontaminated by washing with hot water, wiped down with solvents, and allowed to decay until the radioactive levels
were below that of levels found in the general public. These two plates were representative of the discoloration range
observed in the other NBI Q31 plates, from a pristine white to brown to black, as represented in Figures 8. All non-white
colorations were on the surface of the Spectralon facing target chamber center, whereas none of the discolorations
extended to the backside of the Spectralon. One cm diameter core samples for chemical analysis and tensile samples for
mechanical testing were machined, without lubrication, from these plates in areas that had a no visible discoloration, a
brown color, a black color and from a Spectralon sample that was purchased in the same lot but never installed in target
chamber. The sample designations are White-X, Brown-X, Black-X and Non-Irradiated, respectively, where X =1 for
samples machined from the left plate and X = 2 for samples machined from the right plate. The cover glass was broken
during the target chamber extraction on the plate from the lower right assembly. The purpose of the red tape shown
Figure 8b was to keep the glass in-place during the extraction procedure.
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Figure 8a Spectralon samples (Label X = 1) were Figure 8b Spectralon samples (Label X = 2) were machined
cored from the NBI Q31 sub-assembly, lower left from the NBI Q31 sub-assembly, lower right plate for FTIR,
plate, for RBS and XPS analysis. SEM and mechanical characterization. Note the cover glass
was broken during the target chamber extraction.

3.2.1 Rutherford Backscattering Spectrometry (RBS)

RBS was conducted on samples Non-Irradiated-1, White-1, Brown-1, and Black-1.° The RBS spectra were acquired at a
backscattering angle of 160° and an appropriate grazing angle with the sample oriented perpendicular to the incident ion
beam. The sample is rotated or tilted with a small angle to present a random geometry to the incident beam to avoid
channeling in both the film and the substrate. The other RBS parameters are He'* ion beam energy of 2.275 MeV,
grazing detector angle of about 100°, and a CC RR analysis mode. Spectra are fit by applying a theoretical layer model
and iteratively adjusting the concentrations and thickness until good agreement is found between the theoretical and the
experimental spectra. Table 1 list the atomic % of C and F for the four samples. There is no statistical difference in the C
and F atomic concentrations among the samples. The top surfaces of the samples, even the Non-irradiated control sample
may have been heavily contaminated with hydrocarbons since the atomic C/F ratio is between 0.8 to 0.9 instead of the
stoichiometric PTFE 0.5 ratio.'® Other reasons for a non-stoichiometric ratio is that the samples may charging or there is
preferential ion-induced F-loss."'

Table 1 RBS Analysis shows no statistically significant differences in the C/F atomic ratio between the
samples to an estimated 3.3 pm depth.

Sample C+2at% | F+2at% | C/F Ratio
Non-Irradiated 47.0 53.0 0.887
White-1 44.5 55.5 0.802
Brown-1 46.5 54.5 0.853
Black-1 47.5 52.5 0.905

3.22 FTIR

The Spectralon sample spectra were obtained using a Harrick Split Pea attenuated total reflectance (ATR) feature,
equipped with a silicon crystal, mounted in a Perkin Elmer Spectrum GX FTIR spectrophotometer. The wavelength
range scanned was 2.5 to 25pum (4000 to 400cm-1 wavenumbers). The spectra from all the “-2”” samples were essentially
identical (Figures 9a). The slight transmission variations are possibly caused by the different surface roughness between
the samples. The probe depth of the evanescent wave protrudes from the ATR crystal into the sample about 0.5 to Spum.
The FTIR library spectra routine identified each of the White-2, Brown-2 and Black-2 samples as PTFE (Figure 9b).
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Figure 9a The samples are essentially identical per FTIR Figure 9b FTIR Spectra from the White-2 sample overlaid to that
analysis. of PTFE from the FTIR spectra library.

3.2.3 XPS analysis

XPS was used because it is a more surface sensitive technique compared the RBS and FTIR techniques above. XPS was
conducted on White-1, Brown-1 and Black-1 samples.> XPS data was quantified using relative sensitivity factors and a
model that assumes a homogeneous layer. The analysis volume is the product of the analysis area (spot size or aperture
size) and the depth of information. Photoelectrons are generated within the X-ray penetration depth (typically many
microns), but only the photoelectrons within the top three photoelectron escape depths are detected. Escape depths are on
the order of 15-35 A, which leads to an analysis depth of ~50-100 A. Typically, 95% of the signal originates from within
this depth. The XPS analytical parameters are given in Table 2.

Table 2 XPS analytical parameters

Instrument PHI Quantum 2000
X-ray Source Monochromatic Al k 1486.6 eV
Acceptance Angle +23°
Take-off Angle 45°
Analysis Area 1400 pm x 300 pm
Charge Correction Cls 284.8 eV

The XPS analysis shows that the less dis-colored the surface, the more it resembles un-irradiated Spectralon. In Table 2,
the White-1 sample has an atomic C/F ratio of 0.71, comparable to the ratio of 0.80 determined from the RBS analysis on
the same sample. As the discoloration darkens, there is less F with more C, N and O detected. The XPS atomic C/F ratios
are 1.02 and 2.17 in the Brown-1 and Black-1 samples, respectively.

Table 3 Atomic concentrations [%] at the surfaces of the Spectralon samples; and the C/F ratios.
Sample C N|O F Na | Si | CF
White-1 | 403 10422 |56.7|<0.1]04]0.71

Brown-1 | 47.8 | 0.5 147467 | 0.1 | 0.2 ]1.02
Black-1 | 61.7 1.0 8.7 |284 | 0.2 | 0.1]2.17

Table 4 and Figure 10 show the relative surface concentrations of likely CF, organic, and N-molecular species. As the
discoloration darkens, there is a significant decrease of CF, detected and an increase of the other species. The decreasing
CF, surface concentration can occur either by or all of re-formulated species, impurity layers that mask the underlying
matrix, and/or the F-loss. There are reports [Harling et al, Ryan et al] of neutron and [] radiation breaking the C-F bond
with subsequent C=F bond formations from the CF, molecules. In the NIF chamber environment, the broken bonds from
the surface CF, molecules possibly leaves the C to bond to other species typically found in a high vacuum, such as N,
and H,O, and CF, molecules. The formation of these species at the surface may mask the undamaged CF, from XPS
detection.



Impurities from the de-contamination process may have contributed to the XPS observations. Spectralon is porous and
was noted to absorb the solvents used during the decontamination procedure. However, there was no detection from RBS
and the FTIR analysis indicating the presence of such solvents. XPS detects the formation of CF,, organics and N-
molecular species that increase as the discoloration darkens.

The decreasing F surface concentration may be caused by F-loss. The diagnostic group that performs the radioactive gas
analysis for NIF shots reports large bursts of F, during the shot."> However, the species is activated F, atoms. The
concentration of un-activated F, that would be expected from the Spectralon has not yet been observed via this gas
analysis diagnostic. One possibility may that the free F atoms are captured by the glass cover and cannot diffuse out to
the gas probes.

Table 4 Carbon Chemical States in % of total C

Sample | C-C,C-H | C-O,C-N | C=0, C-CF, | O-C=0, CF | CO3, CF-CF, | CF,
White-1 22 6 2 2 1 67
Brown-1 32 10 5 4 2 47
Black-1 50 15 7 5 2 20
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Figure 10a XPS spectra from sample White-1. Note
the relatively high counts at the CF, binding energy at
292 eV and low counts of C-C and C-H molecules at
285 ¢eV.
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Figure 10a XPS spectra from sample Black-1. Note
the relatively low counts at the CF, binding energy at
292 eV and high counts of C-C and C-H molecules at
285 eV.

3.3.4  Energy Dispersive Spectroscopy and SEM analysis

SEM and Energy dispersive spectroscopy (EDS) analysis was performed on samples White-2, Brown-2 and Black-2.
The EDS probe of the surface without any protrusions or notable features is composed of only C and F atoms. EDS was
conducted on surface features that appeared frequently in the SEM images. The elements presented by the EDS may be
attributed to the mineral oxides of borosilicate glass.'* There was a possibility that broken glass shards were imbedded in
the Spectralon during the extraction from the target chamber and de-contamination of the NBI sub-assemblies (Figure
8b). There are features on Brown-2 and Black-2 samples which appear dark in the SEM images. These features only
contain C, F and O elements according to the EDS analysis. This is consistent with the XPS analysis that there a decrease
of F detected with an increase in C-O forming molecules. The EDS analysis did not find any N containing particles in
contrast to the XPS analysis.



Table 5 SEM images and EDS results. The EDS results indicated that broken borosilicate glass was imbedded onto

the Spectralon.

ID

White2

Bright, Cubic particle: C, F, O, Na, Al, Si, Cl, K

Brown2

Particle 1:

C,F,0,Na, Al, Si, CL,K, Ca
Particle 2: C, F, O Na, C, K
Particle 3: C, F, O
Particle 4: C, F, O, Na, S, Cl, K, Ca

No Image

10




Black2

5Kl 100um

Dark Particles 1a, 1b: C, F, O

Bright Particle 2: C, F, O, Na, Mg, Al, Si, K
Bright Particle 3: C, F, O, Mg, Al, Si, Ca 8E1
Bright Particle 4: C, F, O, Zn Bright Particle 6: C, F, O, Na, AL Si

S0pm

Black2

—_ ‘.I.ﬂ

———100um
Bright Particles 5a and 5b: C, F, O, Al Bright Particle 7: C, F, O, Na, Mg, Ca
Bright Particle 8: C, F, O, Si, Fe

3.3.5 Mechanical properties

The mechanical properties were determined according the ASTM D638 standards.”” Five Type V dog-bone samples
were prepared from the NBI Q31 plate mentioned above as well as from Spectralon that was not installed in the target

chamber.

The mechanical data shows, in Figures 10a and b, that Brown-2 samples had the highest load and elongation values,
followed by Black-2 samples, and lastly the White-2 samples. In this case, color change was not an indicator of any
degradation in the mechanical properties. It is also believed that the variation in results from the various specimen
groupings is most likely due to processing the material since the material is porous as can be seen in the SEM images.
Small changes in cell structure can have large impacts on mechanical properties. This is further supported by the results
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from samples cut from the center of the Spectralon sheet, where these samples consistently produced slightly lower
values when compared to specimens that had only one outer surface un-machined.'®
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Figure 10a Tensile load averages Figure 10b Elongation averages

4. Discussion and Conclusion

RBS, FTIR, and mechanical tests could not differentiate between irradiated and non-irradiated samples of Spectralon.
These measurements were performed on samples in service on the NBI diagnostic assemblies, inside the NIF target
chamber where they were irradiated with to a cumulative combined neutron and [J dose of 0.74 Gy. Bulk Spectralon did
not degrade according to these measurement techniques.

However, the Spectralon surfaces develop discoloration from a pristine white to brown to black in various areas of the
plates. The reflectivity changes were noticed after the Spectralon was irradiated with a combined cumulative neutron and
"1 does of 0.0384 Gy. Stiegman et al'® report yellow color changes of Spectralon when irradiated with intense ultra-violet
light from a Xe-arc lamp while in vacuum. They attributed the discoloration to a photo-chemical mechanism whereby
volatile impurities diffuse to the surface, UV illumination breaks down the impurities, and reaction products forms an
organic layer at the surface. Their proposed solution to avoid discoloration was to remove the volatile organic
contamination by vacuum-baking the Spectralon. The photo-chemical mechanism may not be cause of the reflectance for
two reasons. First, the NBI Spectralon was vacuum-baked. Second, the discoloration on the NBI Spectralon was brown
and black instead of yellow.

A photo-thermal mechanism is more consistent with observations and analysis herein. The NBI Q36 Spectralon looked
pristine because the metallized glass sufficiently attenuated the UV backscatter light from reaching the Spectralon. The
NBI Q31 Spectralon was exposed to backscatter light at 350 nm of pulse durations on the order of nano-seconds which
chars PTFE."” The charring appears as spatially localized black spots and was attributed to intentional doping of the
PTFE with absorbing impurities. Also, the charring was confined to the surface exposed to UV light.'® Other studies
about UV laser ablation of PTFE showed de-fluorination'” and chemical bonds forming with ambient vapor species at
the surface.'® There may have been unintentional absorbing impurities trapped along the seam between two Spectralon
plates. Figure 11 shows the defects aligned along the seam, which would have a high probability of impurities
concentrated at the interface. The NBI Spectralon may need a longer vacuum-bake time or the material was re-
contaminated during the storage, assembly, or installation of the NBI structure in the target chamber.

Possible options to purify the Spectralon, especially at the surface illuminated by the UV light, may be to deposit high
purity Spectralon onto the backside of the cover glass. The coated glass would be backed up with a thick Spectralon plate
to maintain the optical scattering properties.'® A Spectralon coated cover-glass would have the extra advantage of
protecting the illuminated surface from contamination due to handling and installation. Painting a high purity solution of
Spectralon on the surface has been attempted but this application process leaves streak marks of irregular reflectances.
LPCVP,” thermal evaporation,”* and RF sputtering® to create PTFE-like films has been demonstrated. However
further study is needed to verify that the Spectralon coatings are purer than the bulk-fabricated Spectralon and the optical
properties are acceptable for the NBI diagnostic.
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Figure 11 Defects preferentially aliéned to a seam in the Spectralon plate. The seam appears to seed defect
growth. Defects are prevalent on the right section of the plate and not the left section.
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